Lentiviruses contain accessory genes that have evolved to counteract the effects of host cellular defence proteins that inhibit productive infection. One such restriction factor, SAMHD1, inhibits human immunodeficiency virus (HIV)-1 infection of myeloid-lineage cells 1,2 as well as resting CD4 1 T cells 3,4 by reducing the cellular deoxynucleoside 59-triphosphate (dNTP) concentration to a level at which the viral reverse transcriptase cannot function 5,6 . In other lentiviruses, including HIV-2 and related simian immunodeficiency viruses (SIVs), SAMHD1 restriction is overcome by the action of viral accessory protein x (Vpx) or the related viral protein r (Vpr) that target and recruit SAMHD1 for proteasomal degradation 7,8 . The molecular mechanism by which these viral proteins are able to usurp the host cell's ubiquitination machinery to destroy the cell's protection against these viruses has not been defined. Here we present the crystal structure of a ternary complex of Vpx with the human E3 ligase substrate adaptor DCAF1 and the carboxy-terminal region of human SAMHD1. Vpx is made up of a three-helical bundle stabilized by a zinc finger motif, and wraps tightly around the disc-shaped DCAF1 molecule to present a new molecular surface. This adapted surface is then able to recruit SAMHD1 via its C terminus, making it a competent substrate for the E3 ligase to mark for proteasomal degradation. The structure reported here provides a molecular description of how a lentiviral accessory protein is able to subvert the cell's normal protein degradation pathway to inactivate the cellular viral defence system.
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HIV-1 infection of myeloid and CD4 1 T cells is inhibited by the post-entry restriction factor SAMHD1. In other primate lentiviruses, including HIV-2 and SIV, this block is overcome by the expression of the Vpx accessory protein. Vpx recruits SAMHD1 to the DDB1-CUL4A-ROC1 E3 ubiquitin ligase complex through interaction with the substrateadaptor protein DCAF1, and facilitates its degradation through the proteasomal pathway 1, 2, 7, 8 . To understand the mechanism of Vpx-mediated recruitment of SAMHD1, we assessed which regions of each molecule ( Fig. 1a ) are required for the interaction. These data reveal that only SAMHD1 molecules containing a C-terminal region (residues 582-626) are able to support ternary complex formation ( Fig. 1b , compare centre and left panels) and that this region alone is sufficient for the interaction ( Fig. 1b, right) . We therefore determined the crystal structure of the ternary complex of the C-terminal WD40 domain of DCAF1 (DCAF1-CtD) with the Vpx of SIV from the sooty mangabey (Cercocebus atys) (Vpx sm ) and the C-terminal region of SAMHD1 (SAMHD1-CtD). The crystal structure was solved by single-wavelength anomalous dispersion (SAD) (Extended Data Fig. 1 and Extended Data Table 1 ) and is shown in Fig. 1c . DCAF1-CtD comprises a seven-bladed b-propeller disc-shaped molecule 45 Å in diameter and 20 Å in depth. Vpx sm comprises an antiparallel V-shaped three-helical bundle that wraps around one side and the top of DCAF1-CtD. This arrangement of helices is conserved in the HIV-1 Vpr solution structure 9 . However, the structures differ significantly at the helical termini and, in Vpx sm , zinc coordinated by His 39, His 82, Cys 87 and Cys 89 (Figs 1c and 2a) brings together the C termini of helices 1 and 3 to stabilize the structure. Residues Asn 606 to Asp 624 of SAMHD1-CtD are also well ordered. They form two short perpendicular a-helices, helix A (Leu 610-Ala 613) and helix B (Arg 617-Lys 622), connected by a three-residue linker (S614-S616), and pack into a cleft between Vpx sm and DCAF1-CtD (Fig. 1c ).
The complex contains four interfacial regions (Fig. 2b) , a combined Vpx sm -SAMHD1-DCAF1 ternary interface ( Fig. 2c ) and a more extensive DCAF1-Vpx sm -binding surface with three sites of interaction ( Fig. 2d-f ). The Vpx sm -SAMHD1 interaction buries 700 Å 2 of molecular surface. At the interface the hydrophobic side chains of Leu 610, Val 618, Leu 620 and Phe 621 from SAMHD1 helix A and B pack into a hydrophobic pocket between the amino termini of Vpx sm helix 1 and 3 (Fig. 2c ). The interface also contains electrostatic interactions between acidic residues Glu 15 and Glu 16 at the N terminus of Vpx sm helix 1 and Arg 609 and Arg 617, part of a tribasic Arg 609-Arg 617-Lys 622 motif, in SAMHD1. By contrast, the contact area between SAMHD1-CtD and DCAF1-CtD is small, just 210 Å 2 . The only direct interaction is between Lys 622 in the SAMHD1 tribasic motif and Asp 1092 of DCAF1 in the acidic Glu 1091-Asp-Glu 1093 loop connecting blade 7 and 1 of the DCAF1-CtD propeller ( Fig. 2c ). Asp 1092 of SAMHD1-CtD is also hydrogen bonded to Tyr 66 of Vpx sm in an interaction that bridges SAMHD1-CtD and Vpx sm . Several other key residues in Vpx sm also mediate bridging interactions. These include Trp 24, which stacks against Arg 617 of SAMHD1-CtD as well as hydrogen bonding to Asn 1135 of DCAF1 ( Fig. 2e ), and Tyr 69, which packs with Val 618 of SAMHD1-CtD and is also hydrogen bonded to the side chain of Glu 1091 in the DCAF1-CtD Glu-Asp-Glu loop.
The DCAF1-Vpx sm interface is much larger, made up from three sites of interaction burying 2,000 Å of surface ( Fig. 2d -f and Extended Data Table 2 ). The first involves the N-terminal extended region of Vpx sm (Glu 6-Ser 13), which packs against the concave surface of DCAF1 blade 1 spanning from the underside to the topside of the disc, making several hydrogen bonds and hydrophobic interactions ( Fig. 2d ). Further interactions involve Trp 24, Thr 28, Ile 32 and Gln 76 in helix 1 and 3 of Vpx sm , which contact residues on blade 1 and 2 of DCAF1-CtD and the interspersing loop ( Fig. 2e ). Helix 3 of Vpx sm lies in a groove between blade 1 and 7 on the upper face of DCAF1-CtD. Interactions between the charged and hydrophobic side chains of Lys 77, Arg 70, Phe 80 and Met 81 along the length of helix 3 with residues in the intra-strand loops of blade 1 and 7 of DCAF-CtD, including the Glu-Asp-Glu loop, comprise the third region of the DCAF1-Vpx sm interface ( Fig. 2f ).
Mutation of many of the residues at these interfaces have been shown previously to reduce viral infectivity, disrupt binding of Vpx proteins to DCAF1 and interfere with proteasomal degradation of SAMHD1 (Extended Data Table 3 (Fig. 2f ).
In the structure, SAMHD1-CtD makes salt bridges at both the Vpx sm and DCAF1-CtD interfaces through charged side chains in the tribasic motif. In vitro binding studies show that full-length SAMHD1 and SAMHD1-CtD have comparable affinity for the DDB1-Vpx-DCAF1 complex 13 . However, to test whether SAMHD1-CtD alone is sufficient for recruitment by Vpx and to assess the contribution of the tribasic motif, an in vivo reporter assay was used. SAMHD1-CtD was fused to the C terminus of a tandem green fluorescent protein (GFP)-tagged nuclear localization signal (NLS) protein that localizes to the nucleus 14 . Human 293T cells transduced with the NLS-GFP-SAMHD1-CtD fusion ( Fig. 3a ) display GFP fluorescence in their nuclei (Fig. 3b ). Delivery of Vpx by infection with SIV mac Vpx1 (SIV isolated from Macaca mulatta) virus greatly reduces the number of GFP 1 cells (Fig. 3b, 
c). By contrast, infection with SIV mac
Vpx2 virus or addition of the proteasomal inhibitor MG132 with Vpx 1 virus does not reduce the population of GFP 1 cells (Fig. 3b, c) , indicating that loss of GFP fluorescence results from Vpx-mediated proteasomal degradation of NLS-GFP-SAMHD1-CtD. In addition, mutation of residues in the SAMHD1 tribasic motif (Arg 609-Arg 617-Lys 622) to alanine or glutamate also abolishes or severely 
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diminishes the capacity of Vpx to induce degradation of NLS-GFP-SAMHD1-CtD (Fig. 3b, c) . These data reveal that SAMHD1-CtD in isolation acts as a Vpx-dependent degron to induce the proteasomal turnover of a heterologous protein, and that disruption of the proteinprotein interactions observed in the crystal structure prevent Vpxmediated degradation. When the same mutations are introduced into SAMHD1 they also reduce the capacity of Vpx to induce degradation, albeit to varying degrees (Fig. 3d ). However, all mutants show wildtype restriction of HIV-1, indicating that the CtD is not required for SAMHD1 anti-HIV-1 activity (Fig. 3e) .
To put the DCAF1-CtD-Vpx sm -SAMHD1-CtD structure into the context of the E3 ligase, a molecular model of the entire CUL4A-DDB1-ROC1-DCAF-SAMHD1-Vpx sm assembly was constructed by superposition of DCAF1-CtD-Vpx sm -SAMHD1-CtD onto existing structures in the Protein Data Bank (PDB). First, the b-propellers of DCAF1-CtD and the related substrate adaptor, DDB2, were aligned (Extended Data Fig. 2, inset) , facilitating substitution of DCAF1-CtD for DDB2 in the existing DDB1-DDB2 structure 15 . The DDB1-CUL4A-ROC1 interface is highly flexible 16 . Therefore, the DCAF1-CtD-Vpx sm -SAMHD1-CtD-DDB1 model was superposed onto the two most extreme conformations available, allowing the range of orientations that CUL4A-ROC1 can adopt with respect to Vpx sm and SAMHD1 to be visualized (Extended Data Fig. 2) . The model places Vpx sm and SAMHD1-CtD on the opposite face of the DCAF1-CtD disk from the DCAF1-DDB1-binding site, accessible to the RING domain of ROC1. Moreover, in both conformations SAMHD1 is placed in the proximity of the ROC1 RING domain, ideally located for ubiquitin transfer. Notably, regions of SAMHD1 proximal to the bound SAMHD-CtD are required for catalytic activation/ tetramerization 17 and association with Vpx-DCAF1-DDB1 inhibits SAMHD1 catalysis 13 , suggesting that recruitment to the CUL4A-DDB1-ROC1 complex might additionally downregulate SAMHD1 activity through tetramer disassembly.
Reprogramming of the CUL4-DDB1-ROC1 E3 ubiquitin ligase is also used by paramyxovirus and hepatitis B virus to subvert the cellular antiviral response. These viruses usurp the interaction of DDB1 with DCAF1 by installing the viral substrate recruitment factors V or X in its place 18, 19 . In lentiviruses, a different strategy has evolved in which the substrate recruitment factor DCAF1 is itself adapted by association with accessory proteins to create a new binding pocket, in the case of Vpx sm and Vpx HIV-2 to recruit SAMHD1 through its C-terminal region (Extended Data Fig. 3) . Notably, the SAMHD1 tribasic motif is conserved among primates but is absent in species that are not HIV/SIV hosts (Fig. 4a) . Similarly, the N-terminal Vpx sm sequence 9 PPGNSGEET 17 , containing Glu 15 and Glu 16 that make salt bridges with Arg 609 and Arg 617, is conserved among all Vpx proteins that target human SAMHD1 for degradation 7 (Fig. 4b ), suggesting that the complementarity between these motifs is a driver of the specificity of the SAMHD1-CtD-Vpx interaction. In Vpx proteins that do not induce degradation of human SAMHD1 (refs 7, 20) , present in viruses isolated from red-capped mangabey (C. torquatus) (Vpx rcm ) and mandrill (Mandrillus sphinx) (Vpx mnd-2 ), 9 PPGNSGEET 17 is not conserved (Fig. 4b ). However, these Vpx proteins still induce degradation of SAMHD1 but do so by targeting it to DCAF1 through sequences located towards the SAMHD1 N terminus 20 .
In some SIVs, the evolutionarily related accessory protein Vpr recruits SAMHD1 for degradation 7 . By contrast, Vpr HIV-1 still associates with DCAF1 and the CUL4A-DDB1-ROC1 E3 ligase but results in cell cycle arrest at G2, probably through recruitment of an unidentified cellular factor to the E3 ligase [21] [22] [23] . In the complex, we identified a structural zinc-binding site in Vpx sm (Fig. 2a ) that is conserved in both Vpx and Vpr proteins (Fig. 4b) . Mutation of His 71 in Vpr HIV-1 , the equivalent of the Vpx sm zinc-coordinating His 82, abrogates DDB1-DCAF1 binding and Vpr-induced cell cycle arrest 24 . Furthermore, most of the other conserved residues map to the DCAF1 interface ( Fig. 4c ) and mutation of two of these (Vpr Gln 65 and Trp 18, the equivalents of Vpx Gln 76 and Trp 24) also results in loss of Vpr function 23, 25 (Extended Data Table 3 ). These observations suggest a strong structural conservation between these related accessory proteins. Moreover, given that Vpr-induced cell cycle arrest is also mediated through association with DCAF1 and the actions of the CUL4A-DDB1-ROC1 E3 ligase [21] [22] [23] , it is likely that both factors use a similar mechanism to target cellular proteins to the CUL4A complex (Extended Data Fig. 3) . Consequently, although the cellular 
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target(s) of Vpr are unknown, the ternary complex presented here provides a structural model for the design of therapeutic agents that target the Vpx-and Vpr-DCAF1 interaction.
METHODS SUMMARY
Strep-II-tagged SAMHD1 residues 582-626 (SAMHD1-CtD) and glutathione S-transferase (GST)-tagged Vpx sm were expressed in Escherichia coli strain Rosetta 2 (DE3) and purified by affinity and gel-filtration chromatography. His-tagged DCAF1, residues 1058-1396 (DCAF1-CtD), was expressed in insect cells and purified using Ni-NTA Sepharose and gel-filtration chromatography. For structure determination, selenium was incorporated into Vpx sm and DCAF1-CtD by supplementing culture media with seleno-methionine. The ternary complex was assembled by incubating the components in a molar ratio of DCAF1-CtD:Vpx sm :SAMHD1-CtD 5 1:1.5:1.5 overnight on ice and purified by gel-filtration chromatography. Details of protein crystallization, data processing, structure determination and refinement are provided in Methods. Structure figures were prepared in PyMOL (http://pymol.sourceforge. net/). The degradation of tandem NLS-GFP fused to SAMHD1-CtD stably expressed in 293T cells was analysed by fluorescence microscopy and flow cytometry. SAMHD1 degradation by Vpx was assessed in 293T cells by transfection and immunoblotting. Infectivity of HIV-1 in U937 cells in the presence of SAMHD1 mutants was determined using two-colour flow cytometry.
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper. 
LITPQKKEWNDSTSVQ--------------NPTRLREASKSRVQLFKDDPM---LITPQKKEWNDSTSVQ--------------NPTRLREASKSRVQLFKDDPM---LITPQKKEWNYRTSVQ--------------SPTRLREASKSRLQLFKDDPK---LITPQKKEWNYRTSVQ--------------SPTRLREASKSRLQLFKDDPK---LITPQKKEWNYRTSVQ--------------SPTRLREASKSRLQLFKDDPK---LITPQKDEWNYRASAQ--------------SPARLREASKSRARLFKDDPV---LITPRKAEWNNMDSAQ--------------SPDHFRERSKFKLRLFQDDSM---LITPLK--WNNKTS------------------SCLQEVSKVKTCLKF-------LITPLK--WNKKTS------------------SCIEEVSKVKTCLKF-------
HLTPLKQSWNNRSKT----------------EYTTASEPSCKQKLSFNK----- DMTPLKASWVD-----------DDDDEDNEGKQQTELLHKSRVKLFTN------ ELTPLKQDWHAREDEDEEEEEKHRQNQTLPHHTPQRTGRNVKVDLFQARGETKL ARNIKKI----------------------------------------------- c Vpx SIV sm MSDPRERIPPGNSGEETIGEAFDWLDRTVEEINRAAVNHLPRELIFQVWRRSWEYWHDEMGMSVSYTKYRYLCLIQKAMFMHCKKGCRCLG MTDPRETVPPGNSGEETIGEAFAWLNRTVEAINREAVNHLPRELIFQVWQRSWRYWHDEQGMSESYTKYRYLCIIQKAVYMHVRKGCTCLG DPRERVPPGNSGEETVGEAFEWLETTLEHLNRVAVNHLPRELIFQVWQKSWAYWREEQGMSISYTKYRYLCLMQKAMFIHFAKGCGCLR MSDPRERIPPGNSGEETIGEAFEWLNRTVEEINREAVNHLPRELIFQVWQRSWEYWHDEQGMSQSYTKYRYLCLIQKALFMHCKKGCRCLG MAERAPEVPTGA-GEVEFQ---PWLARMLYEINQEARLHFHPEFIFRLWRTCVEHWHDELGRSLEYAGYRYLLLMQKALFTHMRSGCRLRH MAEGAPEIPEGA-GEVDLN---TWLERSLEKINQEARLHFHPEFLFRLWNACIEHWHDRHQRSLSYAKYRYLLLMNKAMFTHMQQECPCR- MAEAPTELPP-VDGTPLREPGDEWIIEILREIKEEALKHFDPRLLIALGKYIYTRHGDTLEG-----ARELIKVLQRALFTHFRAGCGHSR MAEAVPEIPP-EDKNPQREPWEQWVVDVLEEIKQEALKHFDPRLLTALGNFIYNRHGNTLEG-----AGELIKLLQRALFLHFRGGCQHSR ------MEQAPADQGPQREPHNEWTLELLEELKQEAVRHFPRIWLHSLGQHIYETYGDTWEG-----VEAIIRSLQQLLFIHFRIGCQHSR ------MEQAPEDQGPQREPHNEWTLELLEELKREAVRHFPRPWLHGLGQHIYETYGDTWAG-----
